Abstract. The internal flow in the rotating bucket of Pelton turbine is free water sheet flow with moving boundary. The runner operates under atmospheric and the cavitation in the bucket is still a controversial problem. While more and more field practice proved that there exists cavitation in the Pelton turbine bucket and the cavitation erosion may occur at the worst which will damage the bucket. So a well prediction about the cavitation flow on the bucket surface of Pelton turbine and the followed cavitation erosion characteristic can effectively guide the optimization of Pelton runner bucket and the stable operation of unit. This paper will investigate the appropriate numerical model and method for the unsteady 3D water-air-vapour multiphase cavitation flow which may occur on the Pelton bucket surface. The computational domain will include the nozzle pipe flow, semi-free surface jet and runner domain. Via comparing the numerical results of different turbulence, cavity and multiphase models, this paper will determine the suitable numerical model and method for the simulation of cavitation on the Pelton bucket surface. In order to investigate the conditions corresponding to the cavitation phenomena on the bucket surface, this paper will adopt the suitable model to simulate the various operational conditions of different water head and needle travel. Then, the characteristics of cavitation flow the development process of cavitation will be analysed in in great detail.
Introduction
The Pelton turbine can be applied to a wide range water head from 30 to 3000 m. The unit working under great water head has a high flow velocity and the cavitation may occur on the bucket surface. The Pelton runner is the most important component of the unit for energy transformation. During the operation process the bucket cut into the high velocity jet, thus the buckets suffer from a pulsed stress. The operation condition is so bad that the occurrence of cavitation will damage the bucket surface and even destroy the runner structure.
The internal flow is quite complicated in the Pelton turbine and there exists controversy in the academic circle that whether the cavitation occurs in the Pelton turbine. By applying the Bernoulli equation, Zhou et al hold the opinion that the Pelton runner operates under atmospheric pressure and there is no low pressure area on the working surface of bucket. The damage of bucket rear surface and side surface is a kind of fatigue failure caused by the repeated impact [1] . However according to the practice runner operation condition, Li pointed out that for a certain runner used in high water head, the cavitation easily occurs near the splitter tip due to the poor manufacture process [2] . Rossetti simulated the cavitating flow phenomenal in the Pelton turbine. The occurrence place and the development process of water vaporization and condensation is analyzed during the bucket cut-in process to the jet flow. The qualitative analysis shown that the pitting cavitation occurred at the rear surface of splitter tip and the position is coincidence with the damage part of the test case runner [3] . With the development of the computational fluid dynamics, the unsteady multiphase internal flow of the Pelton turbine can be simulated. This paper adopted Eulerian-Eulerian multiphase flow model and analyzed the water-air flow characteristic in the Pelton turbine without cavitation at first stage. Then with the identification of low pressure area on the bucket surface, the numerical simulation method for cavitation flow in the Pelton turbine was investigated and the cavitation flow characteristic was analyzed.
Simulation model

Governing equations
This simulation adopted the Eulerian-Eulerian multiphase flow model. As the flow in the Pelton turbine is a free surface flow where the interface is well defined, the homogeneous multiphase model is employed to simplify the simulation. Thus the common flow field is regarded as shared by all fluids. Before the numerical analysis of water-air-vapour multiphase flow, the unsteady water-air flow simulation is conducted to get a reasonable initial condition for the cavitation flow analysis.
The homogeneous model assumes all fluids share the common flow field. And the flow field can be obtained by the continuity equation and momentum equations, which is dependent on the volume fractions of all phases through the properties  and  as shown below.
The Reynolds stresses arise from the nonlinear convective term in the un-averaged equations. They reflect the fact that the convective transport due to turbulent velocity fluctuations will act to enhance mixing over and above that caused by thermal fluctuations at the molecular level. To close the equation, the eddy viscosity turbulence models are introduced to model the additional terms of Reynolds stresses. And the Shear Stress Transport model is chosen for achieving highly accurate predictions of the onset and the amount of flow separation under adverse pressure gradients. The equation for the turbulence viscosity, t, turbulence kinetic energy, k, and turbulent frequency, , are as shown below. 
The Rayleigh Plesset model is adopted to simulate the interphase mass transfer between the water and water vapor. The Rayleigh-Plesset equation provides the basis for the rate equation controlling vapor generation and condensation. And the equation describing the growth of a gas bubble in a liquid is given by:
Neglecting the second order terms (which is appropriate for low oscillation frequencies) and the surface tension, and assuming there are NB bubbles per unit volume, the total interphase mass transfer rate per unit volume of vaporization and condensation is:
Physical model
A vertical axis 19-bucket Pelton turbine is investigated. The ration of the bucket inner breadth B and the reference runner diameter Dref is B/Dref=0.25. The turbine optimum unit speed n11=41 rpm with one injector, a rated speed of 500rpm with the design head of 456 m. In the case of high water head, gravity has little influence on the turbine performance. Thereby, as the incoming jet is assumed to be ideal, the computational domain of Pelton turbine can be simplified to the half because of the structure symmetrical characteristic as shown in Figure 1 . Because of the complex shape of bucket and a better capture of cavitation flow, an unstructured mesh is used to refine the local grid of critical area in bucket surface. The total mesh has about 1,160,000 elements and 260,000 nodes. The computational domain grid and the refined grid of the bucket surface are shown in Figure 2 .
The numerical simulation is carried out with the ANSYS CFX 13 code. The continuity and momentum equations are discretized using an upwind scheme with the physical advection terms weighted by a gradient-dependent blend factor, providing a good trade-off between diffusion and dispersion. A first-order backward Euler scheme is used for the transient terms. According to the flow condition, the unsteady simulation time step was set as 1.58×10 -4 s in which the runner rotates 1/40 of the angle between two adjacent buckets. For obtaining a higher calculation precision to satisfy the practical requests, the convergence residual was set as 10 -4 .
Results and discussion
Numerical results of no cavitation flow
Firstly, this article investigated the water-air two phase flow in the Pelton turbine. The internal unsteady flow results of Pelton turbine have been obtained without the consideration of cavitation. As the runner buckets cut through the free jet periodically, the working process of a single bucket is periodically. Figure 3 shows the torque variation curves of the cutting procedure. The detailed analysis of torque variation process can be seen in the reference [4] . The pressure distribution on the bucket front surface during its working process is analysed in Figure 4 . As the bucket cutting through the free jet, the free jet began to impact on the front surface and became into free water sheet. The light blue isosurface of water volume fraction indicates the free jet boundary and the white lines indicates the boundary of the free water sheet flow region on the bucket surface. As can be seen from the Figure 4 (a), the low pressure area began to appears near the cut-out among the water sheet flow region. With the development of flow, the low pressure expanded to the most at 3.52e-3 s and disappeared at 5.17e-3 s as shown in Figure 4 (b) and Figure 4 (c). The low pressure area among the water sheet flow region indicated the cavitation may occur on the bucket front surface.
Numerical results of cavitation flow
Based on the water-air two phase numerical results, this article conducted water-vapour-air three phase simulation on the internal flow of Pelton turbine to study the cavitation flow. The mass transfer model between water and water vapour adopted the Rayleigh Plesset model and the saturation pressure was set as 3574 Pa of 25 ℃ water. The numerical result is shown in Figure 5 . As the water sheet flow spreads on the bucket front surface, cavity began to grow near the splitter. In Figure 5 (a), the red vapour surface shows the initial cavity on the bucket front surface. The cavitation area shows good accordance with the low pressure area in Figure 4 (a). Also the inflated cavity in Figure 5 (b) and the shrunk cavity in Figure 5 (c) are consistent with the pressure distributions in Figure 4 .
Effect of cavitation on turbine performance
The torque variation curves of single bucket are compared in Figure 6 . It can be seen from the difference between two cases that the maximum torque diminished and the working process is shorten because of the cavitation. It can be distinguished that the average torque of runner decrease because of the cavitation. Because the efficiency of the injection mechanism is of the runner efficiency, the cavitation would decrease the output capacity of whole unit.
(a) Time=1.86e-3s (b) Time=3.52e-3s (c) Time=5.17e-3s 
Conclusions
This article simulated the three dimensional unsteady flow in Pelton turbine. With the consideration of cavitation model, the water-vapour-air three phases numerical method is investigated. The main conclusion can be draw as follows:
(1) The water-vapor-air three phase model can be applied to simulation of cavitation flow in Pelton turbine. The predicted cavitation area is in good accordance with the low pressure area in the two phase simulation.
(2) Cavity may occur on the front surface of Pelton bucket. The three phases numerical results indicated cavity would initial near the cut-out on the front surface at the beginning phase of bucket cutting through the free jet.
(3) Cavitation can influence the unit performance. The numerical results indicated cavitation would decrease the output of Pelton runner.
